Introduction
Breast cancer, the most common malignancy in women, exhibits significant heterogeneity. 1 Its molecular type is very important to guide clinical treatments and to judge the prognosis. 2 Triple-negative breast cancer (TNBC) accounts for approximately 15%-20% of breast cancer cases and is defined as the absence of estrogen receptor (ER), progesterone receptor (PR) and human epidermal receptor 2 (HER2) amplification. 3, 4 Due to the absence of druggable molecular targets, the treatment of TNBC is very limited compared with the treatment of luminal or HER2+ subtypes.
In the past, relevant studies emphasized the difference of clinicopathological features and prognosis of patients between TNBC and non-triple-negative breast cancer (non-TNBC). TNBC patients often exhibit younger age, increased tumor size, and more recurrence and metastasis. 6 Compared with non-TNBC patients, TNBC patients exhibit a higher rate of family history of breast cancer. 7, 8 Blood vessels play a vital role in TNBC, leading to distant metastasis. 9 The development of distant metastasis in TNBC is also associated with the presence of central fibrosis and lymphocytic infiltration. 10 Moreover, the lack of effective treatment after surgery, chemotherapy and radiotherapy is also an important reason for the poor prognosis of TNBC. 11 In the coming post-genomic era, attention will no longer be confined to these clinicopathological features. High-throughput technology is increasingly advanced and widespread. 12 Researchers are revealing the mechanism of the disease through high-throughput technology. In the field of cancer research, transcriptional information and gene regulatory networks of malignant tumors have become hot topics. Simultaneously, numerous public databases, such as the Gene Expression Omnibus (GEO), have been developed that serve as repositories of high-throughput gene expression data and hybridization arrays, chips and microarrays. 12 These public databases provide great convenience for transcriptomic research. Therefore, based on these public platforms, we explored the transcriptional differences between TNBC and non-TNBC to better understand breast cancer and provide new clues for therapy.
In this study, we compared transcriptomic differences between TNBC and non-TNBC using a GEO database that contained 265 samples. We identified differentially expressed genes, relevant pathways and upregulated genes associated with clinical outcome and used tissue microarray to confirm the prognostic value.
Materials and methods

Microarray data
We extracted gene expression profiles of TNBC and non-TNBC from a GEO database (GSE76275) that contained 265 samples, including 198 TNBC samples and 67 non-TNBC samples. The database was submitted by Burstein et al 13 and based on the Agilent GPL570 platform (Affymetrix Human Genome U133 Plus 2.0 Array). Differentially expressed genes were analyzed by GEO2R (https://www.ncbi.nlm.nih. gov/geo/geo2r/). gene ontology (gO) and pathway enrichment analysis of differentially expressed genes Gene set enrichment analyses focused on genes with minimum twofold differential expression values between both groups. GO and KEGG pathway analysis were performed using DAVID Bioinformatics Resources 6.7 (https://david. ncifcrf.gov/), which used the one-tailed Fisher's exact probability test to determine overrepresentation of genes with altered expression within specific GO categories.
14,15 A P-value <0.05 was considered to be statistically significant.
Database search
As an open-access resource, the cBio Cancer Genomics Portal (http://cbioportal.org) data from more than 5,000 tumor samples from 147 cancer studies provides interactive exploration of multidimensional cancer genomics data sets. 16, 17 The data set contained 9 sets of breast invasive carcinoma samples. Further details on the samples and processing of the database are provided in the cBio Cancer Genomics Portal. We selected four of these sets that contain both mutation and DNA copy number alteration (CNA) information for our study.
Cell lines and clinical samples
A normal mammary epithelial cell line (MCF-10A) and human breast cancer cell lines (MDA-MB-231, BT-549,  MDA-MB-468, HCC38, MCF-7, T47D, BT-474 and Skbr3) were obtained from the American Type Culture Collection (Manassas, VA, USA). All of the cell lines were used for only up to 30 passages from authentication and were maintained according to the supplier's instructions. All cell lines were authenticated by short tandem repeat DNA profiling before use and found to be free of mycoplasma infection. Tissue specimens (26 TNBC 
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Quantitative RT-PCR analysis (qRT-PCR)
Total RNA from the cells or tissues was extracted with TRIzol reagent (Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer's instructions. Reverse transcription and qRT-PCR reactions were performed by means of a SYBR green-containing PCR kit (Qiagen NV, Venlo, the Netherlands). Each reaction mixture consisted of 2.0 ng of cDNA template, 0.3 µL each of forward and reverse primers, and 10 µL of SYBR green mix adjusted with nuclease-free water to a final volume of 20 µL. The primer sequences used are as follows: HORMAD1 forward, 5′-GCCCAGTTGCAGAGGACTC-3′ and reverse, 5′-TCTTGTTCCATAAGCGCATTCT-3′; SOX8 forward, 5′-CCACGAGTTCGACCAGTACC-3′ and reverse, 5′-CTG-CAGGAACCGTAGTCGG-3′. β-Actin served as an internal reference in the mRNA quantitative measurement. All of the real-time PCR assays were performed using a Bio-Rad IQTM5 Multi-color Real-Time PCR Detection System (BioRad, Hercules, CA, USA ) with three biological replicates and two technical replicates.
Tissue microarray and immunohistochemistry
For the TMA, a series of 240 patients with TNBC diagnosed between 2005 and 2011 at the Sun Yat-sen University Cancer Center, China, was selected. To quantify the level of HOR-MAD1 (Thermo Fisher Scientific, 1:500), all sections were photographed and scored by two independent pathologists. The staining intensity was scored as follows: 0-1 (no staining), 1-2 (weak staining), 2-3 (medium staining) and 3-4 (strong staining). The semi-quantification was performed according to the staining intensity (0%-25%; 26%-50%; 51%-75% and 76%-100%) and the ratio of positively stained cells (0, low staining; 1, moderate staining; 2, high staining and 3, extremely high staining). The overall score was calculated by multiplying the intensity score and percentage score. Expression scores greater than or equal to 2 were defined as high expression, and scores less than 2 were defined as low expression.
Outcome analyses
The KM Plotter Online Tool (http://www.kmplot.com) is a public database that contains information from 3,500 patients and combined survival analysis across multiple microarray datasets, including GEO, caArray and TCGA. 18 The tool was utilized to evaluate the relationship between the presence of different genes and patient clinical outcome. Definitions of breast cancer subgroups reported in the online tool are as follows: triple negative: ER-/PR-/HER2-; luminal A/B: ER+/ PR±/HER2±; HER2+: ER-/PR-/HER2+ (information for ER/PR and HER2 using immunohistochemical data). The Kaplan-Meier method was used to plot overall survival (OS) curves and relapse-free survival (RFS) curves, and the logrank test was used for comparison in Sun Yat-sen University Cancer Center cohort (SYSUCC cohort).
Results
Identification of differentially expressed genes
To analyze the differentially expressed genes between TNBC and non-TNBC, we used a GEO dataset of mRNA level data (GSE76275) that contained 198 TNBC samples and 67 non-triple-negative tumor samples ( Figure 1 ). Based on the GEO2R analysis and using P<0.05 and fold change (FC) >2.0 criteria, a total of 643 differentially expressed genes were identified (225 upregulated and 418 downregulated).
gO term enrichment analysis and Kegg pathway analysis
Next, we used DAVID Bioinformatics Resources 6.7 to identify overrepresented GO categories and KEGG pathways of the list of differentially expressed genes. As noted in Table 1 , GO biological processes (BP) analysis results revealed that upregulated differentially expressed genes were significantly enriched in the regulation of gene expression, cell proliferation and cell cycle. The downregulated differentially expressed genes were significantly enriched in regulation of signaling, regulation of cell communication and cellular response to chemical stimulus. For molecular function (MF), the upregulated differentially expressed genes were enriched in transcription factor activity, sequence-specific DNA binding and nucleic acid binding transcription factor activity. The downregulated differentially expressed genes were enriched in receptor binding and identical protein binding. In addition, GO cell component (CC) analysis is also provided in Table 1 . In the KEGG analysis, the most significantly enriched pathways of the upregulated differentially expressed genes were cell cycle, microRNAs in cancer and the Wnt signaling pathway, whereas the downregulated differentially expressed genes were enriched in the cGMP-PKG signaling pathway, AMPK signaling pathway and pancreatic secretion ( To narrow the scope to identify more important differentially expressed genes, we further screened |FC|>4.0. Among these genes, only 16 were upregulated whereas 54 were downregulated (Table S1 ). Then, we focused on the 16 upregulated genes ( Table 2 ) rather than the 54 downregulated genes because we sought to identify potential therapeutic targets and not tumor suppressor genes. Four databases containing CAV and mutation information in the cBio Cancer Genomics Portal (http://Cbioportal.org) were used to determine the expression of these 16 genes in breast cancer patients ( Figure 2A ). As shown in Figure 2B , most of these 16 genes exhibited a frequency of alteration between 1% and 3%. Only HORMAD1 and SOX8 exhibited a frequency change of greater than 10% (HORMAD1 was close to 20%). We selected the METABRIC database to further analyze HORMAD1 and SOX8 in different GO term enrichment analysis and KEGG pathway analysis molecular types of breast cancer. The results showed that the amplification ratio of HORMAD1 and SOX8 in TNBC was lower or closer to Luminal A/B, whereas the ratio of mRNA upregulation in TNBC was significantly increased compared with the Luminal A/B and HER2+ subtypes ( Figure 2C ). Similar results were obtained using the PAM50 classification method ( Figure S1 ).
qRT-PCR validation of HORMAD1 and SOX8 in breast cancer cell lines and clinical samples
To verify the expression of HORMAD1 and SOX8 in breast cancer, we measured HORMAD1 and SOX8 mRNA levels in 1 normal mammary epithelial cell line and 8 human breast cancer cell lines using a qRT-PCR method. As shown in Figure 3A , D, compared with the normal mammary epithelial cell line, both HORMAD1 and SOX8 mRNA levels are upregulated in 7 human breast cancer cell lines, especially in Figure 3B , C) and SOX8 ( Figure 3E , F) mRNA levels were significantly upregulated in TNBC samples.
HORMAD1 predicts prognosis in TnBC
Next, we explored whether HORMAD1 and SOX8 were associated with worse RFS and OS in different subtypes of breast cancer. As described in the "Materials and methods" section, we used the KM Plotter Tool to perform survival analysis.
Only HORMAD1 was associated with worse outcome (P=0.0023 for RFS, Figure 4A ), and SOX8 was not useful to assess breast cancer patient prognosis ( Figure S2 ). Based on the molecular subtype of breast cancer, only HORMAD1 was associated with worse RFS in TNBC (P=0.019, Figure  4B ), but not in luminal A/B (P=0.19, Figure 4C ) or HER2+ (P=0.12, Figure 4D ). As shown in Figure 4E , HORMAD1 was also associated with worse OS in breast cancer ( Figure  4E Table 3 , HORMAD1 expression was positively correlated with the tumor size (P<0.001), infiltrated lymph nodes (P=0.002) and TNM stage (I-II vs III-IV; P<0.001) of TNBC. In addition, the survival analysis showed that patients with high HORMAD1 expression presented shorter mean months of DFS and OS than patients with low HORMAD1 expression (P<0.001 for both DFS and OS; Figure 5A , B).
Discussion
The subtypes of breast cancer have not only distinct clinical presentations but also distinct prognostic implications. 19 Due to high-risk biological characteristics and the lack of the benefit of a specific therapy, TNBC has attracted more attention both clinically and experimentally. 6 It is likely that the improvements in survival have currently plateaued for TNBC patients. By contrast, other subtypes of breast cancer patients seem to exhibit better survival. In the present study, we used a GEO database to compare the differences in transcriptomic expression between TNBC and non-TNBC, and these results were validated in METABRIC and TCGA. 20 We found that HORMAD1 was a key differentially expressed gene in which mRNA levels might specifically reflect the prognosis of TNBC.
Using GO analysis, we found that the difference between TNBC and non-TNBC is at least partially due to the status of transcriptional activation. The upregulated differentially expressed genes were significantly enriched in the regulation of gene expression and for MF. The upregulated differentially expressed genes were enriched in transcription factor activity, sequence-specific DNA binding and nucleic acid binding transcription factor activity. Analyzing two significant differentially expressed genes, HORMAD1 and SOX8, we observed no significant difference in gene copy number, but the proportion of the mRNA upregulation in TNBC was significantly increased compared with non-TNBC. This phenomenon might suggest that the transcription of TNBC is more active than non-TNBC due to epigenetic regulation. We hypothesize that TNBC and non-TNBC are like identical twins; the main source of the difference is epigenetic rather than genetic sequence differences. If this assumption is correct, it may not be difficult to explain why the tumor molecular subtype of some patients changes after treatment. 21 As a result of external intervention, such as chemotherapy and endocrine therapy, the tumor microenvironment and a number of epigenetic genetic changes cause the tumor to change to 
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Chen et al another phenotype. [22] [23] [24] Although this point of view should be confirmed by more experimental evidence, epigenetic therapy is a promising therapy in TNBC. 25 In KEGG analysis, we found that cell cycle, microRNAs in cancer and the Wnt signaling pathway were upregulated in TNBC, whereas the cGMP-PKG and AMPK signaling pathways were downregulated. Therefore, focusing on these signaling pathways will help us to discover new therapeutic approaches for TNBC.
After we identified key upregulated genes, we validated HORMAD1 and SOX8 mRNA levels in both breast cancer cell lines and clinical samples using qRT-PCR. The results revealed that these two genes were increased in TNBC compared with non-TNBC and normal tissues. HORMA domains are involved in chromatin binding and participate in cell-cycle regulation. 26, 27 In previous studies, HORMAD1 was identified in developing mouse and mammalian gonads, and expression was restricted to germ cells. 28 In mitosis and meiosis, HORMAD proteins act as adaptor proteins to recruit other proteins for DNA repair and checkpoint regulation. 29, 30 Through the analysis of gene expression, some studies revealed that HORMAD1 might function as an oncogene in several cancers, such as gastric cancer. 31, 32 However, the clinical significance of HORMAD1 in TNBC has not been fully explored. Our findings suggested that HORMAD1 is one of the most important differently expressed genes between TNBC and non-TNBC. HORMAD1 expression was positively correlated with the tumor size (P<0.001), infiltrated lymph nodes (P=0.002) and TNM stage (I-II vs III-IV; P<0.001) of TNBC. Furthermore, HORMAD1 was a prognostic marker of TNBC in subsequent survival analyses (KM Plotter Tool cohort and SYSUCC cohort). Recently, a study demonstrated that HORMAD1 contributed to homologous recombination deficiency in TNBC, which supports our findings. 33 HOR-MAD1 is also known as cancer/testis antigen 46 (CT46) and belongs to a group of germ cell genes that are expressed in cancer. 34 Cancer/testis antigens are exclusively expressed in germ cells and exhibit restricted expression in normal tissues. 35, 36 This characteristic may allow cancer/testis antigens, 
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Transcriptomic analyses between TnBC and non-TnBC Red line = high HORMAD1 group, black line = low HORMAD1 group. The cutoff value between high and low is computed by KM Plotter Tool, and the best performing threshold is used as a cutoff. number at risk table below graph shows the number of cases that reached the endpoint (number of events), the number of cases that did not reach the endpoint (number censored) and the total number of cases. Abbreviations: heR2, human epidermal receptor 2; Os, overall survival; RFs, relapse-free survival; TnBC, triple-negative breast cancer. including HORMAD1, to be used for tumor-specific therapies with minimal side effects. Therefore, further research on the HORMAD1 gene and agents involved in cancer/testis antigens might offer hope for TNBC patients. Our work has some limitations. The GSE76275 dataset is mainly derived from Caucasian and Asian individuals; thus, we do not know whether the results are applicable to other races. Meanwhile, the sample size of KM Plotter Tool cohort is small and the log-rank test for comparing subclasses of tumors according to gene expression might not have enough power to detect differences. The results should be confirmed in large sample size of homogeneous prospective and retrospective studies.
Conclusion
We showed that the status of transcriptional activation is an important difference between TNBC and non-TNBC. In addition, HORMAD1 is a key differentially expressed gene that is associated with poor outcome in TNBC. Epigenetic therapy and agents involved in cancer/testis antigens might have potential utility when customizing therapies for TNBC.
